Prostate cancer remains the most common cancer in men in the United States, with an estimated incidence of 240,890 new cases (29% of all new cancer cases) in 2011, and it is the second most common cause of death from cancer in men, with 33,720 estimated deaths (11% of all estimated deaths) in 2011 (REF. 1 . Immunotherapy for prostate cancer can be divided into two approaches: antigen-targeted therapies and immunomodulatory therapies (FIG. 1) . In antigen-targeted immunotherapy, exogenous tumour-associated antigen or antigens (that is, a vaccine) are introduced into the patient to elicit an immune response. Ideally, the targeted antigen is typically expressed in the tumour or its microenvironment and not in other tissues. Prostate-specific antigens that have been targeted in immunotherapy include prostate-specific antigen (PSA) 6 , prostatic acid phosphatase (PAP) 7 , prostatespecific membrane antigen (PSMA; also known as FOLH1) 8 and antigens derived from whole-tumour-cell lysis. An example of an approach using whole-tumour-cell lysis is GVAX, which consists of irradiated allogeneic prostate cancer cell lines transduced with a transgene so that they express granulocyte-macrophage colony stimulating factor (GM-CSF), a cytokine that may target and promote the maturation of certain antigen-presenting cells (APCs), such as dendritic cells (DCs) 9 . As most tumourspecific antigens are self-antigens (that is, the immune system has developed so that it does not react to these antigens), the antigen must be delivered in a way that promotes T lymphocyte activation and that breaks tolerance to the antigen, as well as tumourassociated immunosuppression. One such approach is sipuleucel-T 7 , which is a US Food and Drug Administration (FDA)-approved immunotherapy for prostate cancer. In this treatment, total peripheral blood mononuclear cells, comprising of T cells, B cells and antigen-presenting cells, are isolated from a patient and co-cultured ex vivo with a fusion protein of PAP and GM-CSF 10 , and then re-infused into the patient. An alternative approach that is being studied in a Phase III trial involves a prime-boost vaccination strategy using the PSA-expressing PROSTVAC vaccine 6 . PROSTVAC uses an initial immunization with vaccinia virus-expressing PSA to prime the patient's immune system and then subsequent vaccinations with fowlpoxexpressing PSA to boost an adaptive immune response to the targeted antigen.
. However, for patients with prostate cancer that has metastasized, the 5-year relative survival rate is 28.8%. Androgen ablation by surgical or chemical castration is used to treat men with recurrent prostate cancer, as prostate epithelial cells are dependent on androgens for survival 3 . Initially, prostate cancer cells respond to androgen deprivation but they eventually become resistant. There have been numerous clinical trials examining androgen deprivation combined with other treatments in men with metastatic prostate cancer, but most of these trials have shown no significant improvement in the survival rate 4 . Cancer immunotherapy, whereby a patient's immune system is stimulated to create an anti-tumour effect, has emerged as a novel form of therapy for men with metastatic, androgen-insensitive prostate cancer (mAIPC) 5 . Immunotherapy for prostate cancer can be divided into two approaches: antigen-targeted therapies and immunomodulatory therapies (FIG. 1) . In antigen-targeted immunotherapy, exogenous tumour-associated antigen or antigens (that is, a vaccine) are introduced into the patient to elicit an immune response. Ideally, the targeted antigen is typically expressed in the tumour or its microenvironment and not in other tissues. Prostate-specific antigens that have been targeted in immunotherapy include prostate-specific antigen (PSA) 6 , prostatic acid phosphatase (PAP) 7 , prostatespecific membrane antigen (PSMA; also known as FOLH1) 8 and antigens derived from whole-tumour-cell lysis. An example of an approach using whole-tumour-cell lysis is GVAX, which consists of irradiated allogeneic prostate cancer cell lines transduced with a transgene so that they express granulocyte-macrophage colony stimulating factor (GM-CSF), a cytokine that may target and promote the maturation of certain antigen-presenting cells (APCs), such as dendritic cells (DCs) 9 . As most tumourspecific antigens are self-antigens (that is, the immune system has developed so that it does not react to these antigens), the antigen must be delivered in a way that promotes T lymphocyte activation and that breaks tolerance to the antigen, as well as tumourassociated immunosuppression. One such approach is sipuleucel-T 7 , which is a US Food and Drug Administration (FDA)-approved immunotherapy for prostate cancer. In this treatment, total peripheral blood mononuclear cells, comprising of T cells, B cells and antigen-presenting cells, are isolated from a patient and co-cultured ex vivo with a fusion protein of PAP and GM-CSF 10 , and then re-infused into the patient. An alternative approach that is being studied in a Phase III trial involves a prime-boost vaccination strategy using the PSA-expressing PROSTVAC vaccine 6 . PROSTVAC uses an initial immunization with vaccinia virus-expressing PSA to prime the patient's immune system and then subsequent vaccinations with fowlpoxexpressing PSA to boost an adaptive immune response to the targeted antigen.
In immunomodulatory therapy, the immune system itself is targeted for modulation. For example, blocking the activity of the immune checkpoint protein cytotoxic T lymphocyte-associated antigen 4 (CTLA4) removes one of the crucial 'brakes' on the immune system, either by lowering the threshold of T cell activation and allowing normally unreactive effector T (Teff) cells to become activated, or by removing inhibitory signals that attenuate strongly reactive Teff cells. Immune checkpoint inhibitors such as CTLA4 and programmed cell death protein 1 (PD1) 11 can be blocked with antibodies, thus activating the immune system. Conversely, co-stimulatory receptors -such as OX40 (also known as CD134), which is currently in clinical trials (NCT01303705; see the ClinicalTrials.gov website (see Further information)), and glucocorticoid-induced TNF receptor-related protein (GITR; also known as TNFRSF18) 12 -can be activated with chemical agonists or agonistic antibodies. Combinations of immuno modulatory therapies to target different components of Nature Reviews | Cancer the immune system have also been investigated. In theory, immuno modulatory approaches can activate the immune system to the entire antigenic range of a patient's tumour cells rather than to a specific tumour antigen. Therefore, immuno modulatory therapy could be described as patientspecific because endogenous antigens are recognized. Immunomodulatory therapy has also been combined with antigen-targeted therapy, which should drive the immune response towards the introduced antigens, as is intended with the combination of CTLA4-specific antibodies and GVAX 13 . One antibody that targets CTLA4 (ipilimumab (Yervoy; Bristol-Myer Squibb)) has recently obtained FDA approval for the treatment of melanoma 14 . Two Phase III clinical trials using ipilimumab are currently underway in men with mAIPC (NCT00861614 and NCT01057810).
However, how CTLA4 blockade mediates its anti-tumour effects is not entirely clear. This Opinion article describes the mechanistic data from recent clinical trials on CTLA4-specific antibodies in the treatment of prostate cancer. These data are beginning to indicate precisely how blocking CTLA4 increases the endogenous and the vaccineinduced immune response and are also beginning to reveal the antigens that might mediate the anti-tumour effects.
CTLA4: the molecule CTLA4 was first cloned by differential screening using a mouse cytotoxic T lymphocyte (CTL) cDNA library that was enriched for genes that are preferentially expressed in CTLs and multiple subtractions with non-CTL mRNA 15 . CTLA4 belongs to the CD28 immunoglobulin superfamily, with one variable (V)-like domain, a hydrophobic transmembrane domain and a cytoplasmic domain. The genes that encode CTLA4, and the closely related molecule CD28, are present on human chromosome 2q33 and mouse chromosome 1. CTLA4 and CD28 also have an MYPPPY motif that enables them to bind the same B7 ligands 16 , and they signal to the same downstream molecules, such as PI3K 17 and serine/threonine phosphatase PP2A 18 . Importantly, CTLA4 is highly conserved between mice and humans (76% amino acid homology and 100% conservation in the cytoplasmic tail) 19 . Activated T lymphocytes or Teff cells mediate the adaptive immune response against pathogens and tumours. The adaptive immune response is generated sequentially. First, APCs are activated in the presence of a target antigen, and these antigens are taken up, processed and presented by APCs to T cells in the form of antigenic peptides. This results in the activation and the proliferation of T cells and the targeting of antigens that are expressed by infected cells or tumour cells. Finally, this response is downregulated through inhibitory feedback pathways that involve CTLA4. Activation of T lymphocytes by APCs requires two signals, in a process that is known as costimulation 20 . The first signal is T cell receptor (TCR) engagement of antigenic peptides that are presented by major histocompatibility complex (MHC) molecules that are expressed on APCs (MHC I and MHC II), and other nucleated cells (MHC I only), in the body. The second co-stimulatory signal is provided by the interaction of CD28 receptors expressed on the surface of T lymphocytes, with B7 ligands (CD80 and CD86) expressed on APCs 21 . The expression of CTLA4 on the cell surface is very low compared with the expression of CD28 (REF. 22 ). Whereas CD28 is constitutively expressed on resting and activated T cells, CTLA4 resides in endosomal vesicles and becomes readily detectable only on T cell activation 23 . Transcription of CTLA4 mRNA occurs rapidly after T cell activation, and surface protein levels are upregulated 24-36 hours after activation. The level of CTLA4 on the surface is also tightly regulated by endocytosis -the unphosphorylated cytoplasmic tail of CTLA4 interacts with the mu-1 subunit of the clathrin-associated adaptor complex, AP2 (AP2M1), which regulates the internalization of CTLA4 into clathrin-coated vesicles 24 . Tyrosine phosphorylation of the YVKM motif inhibits AP2Μ1 binding, thereby increasing and stabilizing CTLA4 on the cell surface. Microtubule reorganization Immunotherapy methodologies fall into two major camps: antigen-targeted immunotherapy and immunomodulatory immunotherapy. In antigentargeted immunotherapy, tumour-associated antigens, such as prostate-specific antigen (PSA), prostatic acid phosphatase (PAP), prostate-specific membrane antigen (PSMA) and whole-cell vaccines, are introduced into the patient as a vaccine to elicit an immune response that targets the tumour. In immunomodulatory immunotherapy, the immune system, presumably primed by endogenous tumour-associated antigens, is potentiated either by blocking inhibitory immune effectors such as cytotoxic T lymphocyte-associated antigen 4 (CTLA4) and programmed cell death protein 1 (PD1) or by triggering immune activators such as OX40 and glucocorticoid-induced TNF receptor-related gene (GITR) using antibodies or agonists. This enables immune cells to become activated and to target the tumour. Conventional therapies such as radiation, chemotherapy or androgen deprivation contribute to the antigenic pool by increasing tumour cell death. Antigen-targeting and immunomodulatory immunotherapies have also been used in combinations in current clinical trials. p e r S p e C T i V e S 290 | APRIL 2012 | VOLUME 12 www.nature.com/reviews/cancer p e r S p e C T i V e S during TCR engagement with peptide-MHC complexes also focuses intracellular and surface levels of CTLA4 towards sites of T cell-APC engagement. In essence, these mechanisms provide geographically oriented and temporal components for providing negative feedback after CD28 has been activated.
In addition, CTLA4 binds with significantly greater avidity than CD28 to B7 ligands 25 . CTLA4 homodimers form stable multimeric complexes with B7 molecules, creating a lattice-like network that can disrupt CD28-B7 ligand association. Therefore, CTLA4 can out-compete CD28 for binding to B7 ligands and thus serves as a negativefeedback regulator of T lymphocyte activation. Indeed, mice that are deficient for CTLA4 develop lymphoproliferative disorders, resulting in early lethality 26 , and further studies have shown that CTLA4 inhibits interleukin-2 (IL-2) cytokine production and cell cycle progression 27 . However, these mechanisms cannot fully explain how CTLA4 mediates negative regulation. Evidence from mice expressing CTLA4 that lacks a cytoplasmic tail indicates that competition alone does not negate T cell activation and proliferation 28 . CTLA4 has also been shown to interfere with lipid raft formation at the plasma membrane, thereby disrupting the micro-platforms that are required for CD28 co-signals 29 . CTLA4 can also increase T cell motility, reducing the time of contact between T cells and APC, and raising the 'threshold' for T cell activation 30 . In addition to regulating the activation of Teff cells, CTLA4 also has a role in the induction of peripheral tolerance to selfantigens 31 . Self-tolerance is the process by which the immune system is prevented from attacking tissues in the body and it prevents autoimmunity. CD4 34, 35 . By mixing cells from wild-type mice with cells that have transgenic expression of human CTLA4, and by using monoclonal antibodies to block mouse CTLA4 only, blockade of CTLA4 on T Reg cells and Teff cells has a synergistic effect on an anti-tumour response 36 . Blocking Teff cells alone demonstrated some protection, but blocking T Reg alone had no effect on an anti-tumour response, showing that Teff cells are essential for the anti-tumour effects; whereas, T Reg cells have a supporting role. In summary, CTLA4 maintains immune system homeostasis by functioning as a major feedback inhibitor of T cell activation.
Preclinical studies of CTLA4 blockade Antibodies to CTLA4 that block its interaction with B7 ligands remove this inhibitory signal, increase the co-stimulatory effect of CD28, and enhance T cell activation in vitro 37 and in vivo in mice 38 . The ability to target CTLA4 with antibodies made it an attractive target for cancer immunotherapy. Administration of CTLA4-specific antibodies was first shown to result in the rejection of pre-implanted 51BLim10 colorectal carcinoma and Sa1N fibrosarcoma tumours in syngeneic mice 39 . The curative response was almost 100% and the rejection resulted in immunity to secondary exposure to tumour cells, suggesting that tumour rejection that is mediated by CTLA4 blockade results in immunological memory.
To investigate prostate cancer in mice, syngeneic transplantable epithelial prostate cancer cell lines were developed from prostate tumours that arose from transgenic adenocarcinoma mouse prostate (TRAMP) mice as a result of the expression of the SV40 large T antigen oncoprotein under a prostate-specific promoter 40 . These cell lines do not express the SV40 large T antigen in vitro or in vivo, making them suitable for immunotherapeutic studies. TRAMP cells were injected subcutaneously into the backs of male wild-type C57BL/6 mice, the syngeneic host for TRAMP cells, and CTLA4-specific antibodies and control-irrelevant hamster antibodies were administered 41 . Of the mice injected with CTLA4-specific antibodies, 42% exhibited complete rejection of their tumours and most of the remaining mice demonstrated delayed tumour growth. Conversely, the control mice had uniform tumour growth. In addition, CTLA4-specific antibodies administered immediately after primary tumour resection reduced metastatic relapse from 97.4% to 44%, suggesting that CTLA4 blockade may be used as an adjunctive therapy after surgery to eliminate residual metastatic prostate cancer cells 42 . The effect of CTLA4-specific blockade on spontaneous tumour formation has also been examined in TRAMP mice 43 . CTLA4-specific antibody treatment alone had no significant effect on tumour incidence, and neither did treatment with a γ-irradiated TRAMP cell vaccine either expressing or not expressing GM-CSF. However, mice that received a combination of CTLA4-specific antibodies and either of the TRAMP cell vaccines had a significant reduction in tumour incidence, with a slightly lower incidence in the mice that received the TRAMP cells transduced with GM-CSF (33% incidence for anti-CTLA4 plus TRAMP plus GM-CSF, and 43% incidence for anti-CTLA4 plus TRAMP). Similarly, a combination of anti-CTLA4 blockade and a cellular tumour vaccine expressing GM-CSF resulted in the regression of tumours in a weakly immunogenic mammary carcinoma (SM1) mouse model: these tumours are refractory to CTLA4-specific antibodies alone. This synergistic effect was shown to be dependent on both CD4
+ and CD8 + T lymphocytes 44 . These studies suggest that weakly or nonimmunogenic tumours in mice require co-administration of a tumour vaccine with CTLA4-specific antibodies to mount an immune response and to mediate an antitumour effect. In these studies, however, the mice receiving the combination therapy also exhibited a higher incidence of an autoimmune response, which was shown by the accumulation of inflammatory cells in normal tissues, compared with mice receiving only CTLA4-specific antibodies or vaccine, and no inflammation was observed in the control group.
Blocking CTLA4 was also shown to enhance the anti-tumour effect that is mediated by low-dose chemotherapy (melphalan) in mice with MOPC-315 plasmacytoma 45 . Survival was 73% in the combination of melphalan plus CTLA4-specific antibodies, compared with 44% for melphalan plus a control antibody, and was 0% for CTLA4-specific antibodies alone. Low-dose melphalan was shown to promote the accumulation of CD8 + T cells in the tumour nodules. In addition, CTLA4 blockade also increased the efficacy of radiation in mice with 4T1 metastatic mammary carcinomas 46 . The ionizing irradiation increased the secretion of CXCL16, a chemokine that binds to CXCR6 on T helper 1 (T H 1) cells and activated CD8 Teff cells, and increased the migration of CD8 + CXCR6 + -activated T cells into breast tumours 47 . Furthermore, the addition of chemotherapy or radiation therapy was able to promote antigen presentation through killing tumour cells, resulting in the release of tumour-specific antigens 48 . Finally, androgen ablation in an autochthonous mouse prostate cancer model is able to mitigate specific CD4 + T cell tolerance to the prostate gland 49 , p e r S p e C T i V e S NATURE REVIEWS | CANCER VOLUME 12 | APRIL 2012 | 291
and reverse ageing-associated thymic involution, leading to increased output of naive T cells 50 . Although the combination of androgen ablation and CTLA4-specific antibody therapy has not been carried out in mice with prostate cancer, these and other findings in human studies (see below) provide a rationale for combining androgen ablation with CTLA4 blockade.
Blocking CTLA4 has also been associated with enhancing immune autoreactivity and can exacerbate autoimmune disease in experimental allergic encephalomyelitis 51 and autoimmune diabetes in mice 52 . Blocking CTLA4 with antibodies in mouse cancer models demonstrated anti-tumour responses, as well as autoimmune responses, such as depigmentation in melanoma models 53 . However, preclinical evaluation of CTLA4-specific antibody in cynomolgus monkeys demonstrated no autoimmune responses or toxicity 54 , cumulating in the testing of CTLA4-blocking antibodies in clinical trials.
Clinical trials of CTLA4 blockade
Although ipilimumab is a fully human CTLA4-specific IgG1 monoclonal antibody that has been approved in the United States for the treatment of unresectable advanced melanoma, it was in fact first administered to patients with prostate cancer. In this initial trial, a single dose of ipilimumab at 3 mg per kg given to patients with hormone-refractory prostate cancer resulted in a ≥50% decline in PSA levels in two of 14 patients, and a <50% decline in eight others 55 . The two responders did not have measurable disease, but one developed grade 3 toxicity of an inflammatory nature (rash). Of the two other patients who had measurable disease at baseline who were evaluated by repeat radiographic imaging, neither demonstrated an objective response as defined by Response Evaluation Criteria in Solid Tumours (RECIST). This trial showed that a single 3 mg per kg dose of ipilimumab is tolerated, but it also indicated the risk of treatment-related immune events.
Overall, there have been ten clinical trials that either have explored or are exploring the use of CTLA4-specific antibodies in the setting of prostate cancer (TABLE 1) . As a result of the data from TRAMP mice that were treated with CTLA4-specific antibodies combined with other treatments, six clinical trials have explored combinations with other immune adjuvants (GM-CSF), cancer vaccines (GVAX and PROSTVAC), chemotherapy, radiation and anti-androgen therapy. Although these studies are too small to be definitive, these trials have noted overall declines in PSA levels and a low frequency of radiographic responses at doses of ipilimumab ≥3 mg per kg. Radiographic responses in prostate cancer can be difficult to detect because bone metastases, which are common with prostate cancer, are difficult to measure. In a Phase I trial combining GM-CSF with escalating doses of ipilimumab, 22% of patients receiving ipilimumab ≥3 mg per kg experienced a significant PSA response 56, 57 . At the time of this report, one patient had a partial objective response in liver metastases in accordance with RECIST. Combining cancer vaccines and ipilimumab would presumably improve anti-tumour activity by amplifying immune responses that are focused on relevant antigens, as demonstrated in mice. In a trial investigating ipilimumab with GVAX, five of 28 patients who completed treatment had a ≥50% decline in PSA levels, and 12 had stabilization of metastatic bone disease for extended durations (12-21 months) 13, 58, 59 . PROSTVAC has also been combined with ipilimumab. In a randomized Phase II trial, PROSTVAC alone significantly improved overall survival compared with a placebo in healthy, well-performing patients with mAIPC 60 . In the combination trial, five of nine chemo-naive patients with mAIPC who received 3 or 5 mg per kg of ipilimumab plus PROSTVAC had ≥50% declines in PSA levels 61 . Overall, 14 of 30 patients at any dose level of ipilimumab (1, 3, 5 and 10 mg per kg) had some decline in PSA levels. Physical tumour shrinkage, however, was infrequent. Of the previous nine patients, four had stable disease at ≥6 months, and two had unconfirmed partial responses. Nine of 15 receiving 10 mg per kg of ipilimumab had stable disease at ≥6 months. Despite limited numbers of noticeable tumour shrinkage, both the GVAX and the PROSTVAC with ipilimumab trials showed a significant number of patients with stabilization of their disease under combination therapy that can last for several months, and these treatments resulted in manageable side effects. However, further studies are required to see whether the combination is more effective than either ipilimumab or vaccine alone.
In a Phase II trial that combined ipilimumab with radiotherapy, no difference in the number of patients who had a decline in PSA levels of ≥50% was seen between patients treated with ipilimumab alone (five of 16 chemo-naive patients) versus the ipilimumab and radiotherapy (four of 15 chemo-naive patients), and fewer patients in the post-chemotherapy group had a decline in PSA levels of ≥50% when treated with ipilimumab and radiation (one of 14) 62, 63 . A randomized Phase II trial comparing ipilimumab at 3 mg per kg alone with ipilimumab plus a single dose of docetaxel showed a limited number of PSA responses: two of 23 patients treated with ipilimumab alone, and one of 20 patients treated with the combination therapy 64 . There were no patients who showed an objective radiographic response. However, in a randomized Phase II trial of ipilimumab and androgen ablation, patients treated with ipilimumab and androgen ablation were more likely to have undetectable levels of PSA by 3 months (55% versus 38%) 65 . Another human IgG2 monoclonal antibody (tremelimumab) has been tested in a Phase I trial in combination with androgen deprivation in patients with PSA-recurrent nonmetastatic prostate cancer but the results are not yet available (NCT00702923) 66 . Blocking CTLA4 in patients with prostate cancer revealed tumour response patterns that had not previously been appreciated by using inbred mouse models. For example, a decline in PSA levels can occur immediately after treatment but also after a period of stable disease or even after disease progression. For early phase trials, which are designed to capture early end points, such as safety or PSA responses, not enough time may have elapsed to see objective tumour responses by RECIST. Even so, more patients achieve disease stabilization rather than tumour shrinkage by radiographic assessment. One potential explanation is that AIPC mostly metastasizes to the bone, and that bone lesions, whether regressing or progressing, are notoriously difficult to measure with current radiographic techniques. Conversely, these response patterns have been consistently observed in patients with measurable metastases in advanced melanoma 67 , but objective responses still remain low overall (~10%) 68 . If tumour control is sustained, however, patients may live longer. Indeed, the median overall survival in the PROSTVAC combination trial is 31.8 months 69 , a significant duration in patients with mAIPC, and in pretreated metastatic melanoma, CTLA4 blockade significantly improves survival by 4 months over gp100 vaccine, despite no improvement in time to progression or progression-free survival 70 .
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www.nature.com/reviews/cancer p e r S p e C T i V e S Given these experiences with CTLA4 blockade in mAIPC, the two ongoing Phase III trials investigating ipilimumab in mAIPC will address overall survival as the primary end point. The first trial will compare ipilimumab following radiation therapy versus placebo following radiation therapy in patients who have already been treated with docetaxel chemotherapy for mAIPC. A second study will compare ipilimumab versus placebo in individuals with mAIPC who have not already been treated with chemotherapy. Both studies will address as their primary end point whether patients live longer with CTLA4 blockade than patients treated in the control group. These treatments have also been associated with immune-related adverse events (irAEs) affecting the colon (colitis), skin (pruritis and dermatitis), liver (hepatitis) and, less commonly, the eye and endocrine organs (thyroid and pituitary). Severe inflammatory events attributed to CTLA4 blockade have been described in ~10-24% p e r S p e C T i V e S NATURE REVIEWS | CANCER VOLUME 12 | APRIL 2012 | 293
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of early Phase I/II prostate cancer trials, and these events are generally responsive to immunosuppressive corticosteroids. One concern is whether the concordant use of steroids will be detrimental to CTLA4-blocking antibodies. As CTLA4 blockade nonspecifically potentiates T cell activation to endogenous antigens (self and non-self), developing an irAE could correlate with clinical benefit, but no trial has been powered to address that hypothesis.
Immune effects with human treatment
The markers that have been used to detect T cell activation during and after treatment with CTLA4-specific antibodies in cancer patients include CD45RO 71 , inducible co-stimulator (ICOS) 72 , CD69 (REF. 56 ) and major histocompatibility complex, class II, DRα (HLA-DRA) 73 . CD45RO is an established marker for memory T cells. ICOS is structurally related to CD28 and CTLA4, and CD4
+ and CD8 + T cells express ICOS on their cell surface following activation. ICOS functions as a co-stimulatory molecule on activated T cells and has been associated with the prolonged survival of Teff cells. CD69 and HLA-DRA are expressed on activated T cells.
In patients with mAIPC, the expansion of circulating activated CD69 +
CD8
+ Teff cells occurred at a higher frequency with increased doses of ipilimumab (threshold at 3 mg per kg) and GM-CSF, and at a greater magnitude compared with either treatment at the same dose alone A clinical trial in patients with melanoma that combines CTLA4-specific antibody treatment with an antibody to GITR to block T Reg cell function is currently underway 76 (NCT01216436).
As prostate cancer can be more challenging than melanoma to biopsy, the effect of CTLA4 blockade on the tumour microenvironment has also not been assessed, despite the complex immune response that is often present. No studies have yet been carried out to determine the levels of immuno suppressive cytokines compared with levels of proinflammatory cytokines at the tumour sites or the numbers of tumourinfiltrating lymphocytes (TILs). It is possible that immunological changes within the tumour might better correlate with clinical outcomes.
Antigen recognition with CTLA4 blockade
Determining the antigens that the T cells can recognize on CTLA4 blockade should reveal novel antigenic cancer effectors and pathways. Some of the antigens the T cells respond to are likely to be modified selfantigens, as prostate cancer can possess genetic mutations and translocations leading to novel proteins that are altered from normal self proteins that T cells tolerate. T cells that recognize these mutant proteins could be potentiated by CTLA4 blockade. These tumour antigens can be identified either by isolating tumour-specific T cells or by examining the induced humoral responses mediated by B cells (described below).
Tumour-specific T cells have been generated from mice vaccinated with a TRAMP cell line expressing GM-CSF and treated with a CTLA4-specific antibody 77 . To identify the corresponding antigens, the T cells were fused with cells containing an inducible NFAT promoter lacZ reporter construct to generate T cell hybridomas. These cells can measure TCR-mediated ligand-specific activation and were used to screen a cDNA library that was generated from a TRAMP tumour. A SPAS-1 epitope was identified that contained a point mutation found in TRAMP cells but not in normal mice. The corresponding non-mutated epitope is found in the human orthologue endophilin B1 (SH3GLB2), and specific T cell activity to the peptide can be generated with human T cells. SH3GLB2 overexpression has been reported in prostate cancer metastases 78 . T cell responses to PSA by enzyme-linked immunosorbent spot (ELISPOT) have been reported in patients with mAIPC treated with ipilimumab plus PROSTVAC 6 , but in the case of ipilimumab plus GM-CSF without a vaccine, antigen-specific T cell immune responses against known antigens (such as PAP, PSA, PSMA, ephrin type A receptor 2 (EPHA2) and survivin (also known as BIRC5)) could not be detected 56 . These results suggest that the endogenous immune responses potentiated by CTLA4 blockade recognize other unknown tumour antigens in mediating the anti-tumour response.
We and others have observed that a B cell (humoral) response to NY-ESO-1, a known cancer testis antigen, is increased in patients with either metastatic prostate cancer 56 or melanoma who have been treated with CTLA4 antibodies 79 . Antibodies to NY-ESO-1 in the prostate group were identified using bacteria that expressed a phage display library of currently known cancer testis antigens spotted onto nitrocellulose membranes 80 . Antibodies to NY-ESO-1 in the melanoma group were detected using enzyme-linked immunosorbent assay (ELISA), and NY-ESO-1-specific T cells were detected by stimulating T cells to a pool of overlapping peptides spanning the entire NY-ESO-1 sequence and assaying for T cell activity through the production of interferon-γ (IFNγ), tumour necrosis factor (TNF) and macrophage inhibitory protein 1β (MIP1β). An antibody response resulting from CTLA4 blockade indicates that antigen-specific B cells are also activated, probably through T H cell activation (FIG. 2) In patients with melanoma, five of 15 patients treated with an anti-CTLA4 at a dose of >10 mg per kg produced antibodies to NY-ESO-1 that correlated with a therapeutic response 79 . However, in a different study, no correlation was found between a clinical response and the presence of NY-ESO-1 antibodies in patients with metastatic melanoma treated with CTLA4 antibodies 81 , although an integrated NY-ESO-1 and CD8 + T cell responses did correlate with clinical benefit in patients with metastatic melanoma in another study 82 . However, in nine patients with prostate cancer who were treated with an anti-CTLA4 at a dose of >3 mg per kg, the production of NY-ESO-1 antibodies in two of these patients did not correlate with a clinical response 56 . Other tumour-associated antigens may better correlate with clinical outcomes and have yet to be determined.
Serum from a patient with melanoma who responded to vaccination with a GM-CSF-secreting tumour cell vaccine and anti-CTLA4 treatment has been used p e r S p e C T i V e S 294 | APRIL 2012 | VOLUME 12 www.nature.com/reviews/cancer p e r S p e C T i V e S Nature Reviews | Cancer to screen a cDNA expression library constructed from melanoma metastases 83 . Several antigens were identified, including MHC class I chain-related protein A (MICA). Consequently, additional patients that responded to either vaccination with GM-CSF-secreting tumour vaccine alone or combined with anti-CTLA4 treatment were found to have antibodies to these antigens 83 . However, the frequency of induced antibodies to any one antigen is fairly low, reflecting the heterogeneity of tumours. MICA is a ligand of NKG2D, an activating receptor on natural killer (NK) cells and CD8 + T lymphocytes, which contributes to immune-mediated tumour destruction. Increased shedding of soluble MICA by tumour cells is thought to be another mechanism of evasion of the immune system, and this increased expression may increase the immunogenicity of MICA. Antibodies to MICA detected in the sera of patients correlated with decreased levels of soluble MICA, increased levels of NKG2D, and restoration of NK cell and CD8 + lymphocyte functions. In addition, the investigators also found that treatment with GM-CSF-secreting tumour cell vaccines and CTLA4 blockade also induced a humoral reaction against multiple angiogenic cytokines, such as macrophage migration inhibitory factor (MIF) 84 . MIF is a cytokine that has been implicated in tumour blood vessel formation in mice 85 . Serum from a patient who responded to treatment with anti-CTLA4 and that was found to contain antibodies to MIF was able to antagonize in vitro angiogenesis assays. At concentrations similar to a MIF-specific antibody, this serum inhibited the production of matrix metalloproteinase 9 (MMP9) and the expression of MIF-induced angiopoietin 1 (ANGPT1; also known as TIE2) on monocytes. Therefore, the determination of antigenic targets that are recognized by the immune system after the administration of immunomodulatory therapies can reveal how tumours evade immunosurveillance, such as MICA shedding, and can also identify important functional factors that are involved in tumour growth, such as MIF.
In order to identify endogenous prostate tumour-specific antigens recognized on anti-CTLA4 blockade that correlate with anti-tumour effects, specifically without the presence of a vaccine for prostate cancer, we have used sera from responding and nonresponding patients with mAIPC, who have been treated with only CTLA4 blockade and GM-CSF, to screen protein arrays 86 .
Our preliminary observations indicate that there is an increased antibody response in the responders compared with the nonresponders. The antibodies analysed so far have only a few antigens in common, suggesting that CTLA4 blockade induces endogenous tumour-specific responses that are mainly patient-specific. As irAEs are also observed in these patients, further studies should be carried out to distinguish tumour-specific antigens from self-antigens.
Future directions
In clinical studies, several issues require further investigation. First, what is the appropriate dose level for ipilimumab, either alone or in combination? Clinical responses (and immune-related side effects) are seen consistently at levels of ≥3 mg per kg. Data from melanoma trials suggest that tumour responses improve from 3 to 10 mg per kg 68 , but it is unclear whether the incidence of immune-related adverse events also increases. The optimal dose that strikes a suitable balance between safety and efficacy has not been determined, and both future and current Phase III trials in mAIPC will only test high-dose ipilimumab.
Second, if ipilimumab triggers longlasting anti-tumour immunity, but at best clinically stabilizes rather than eradicates disease, treating earlier during the course of prostate cancer may provide a more meaningful benefit. If generalizations can be made from prior studies of immunotherapy in humans, ipilimumab should not be expected to induce immediate tumour regression. The tumour microenvironment may suppress immune responses that would otherwise reject tumours, and, hypothetically, a lower tumour burden, earlier in the course of disease, may induce less immune suppression. It is intriguing to ask whether CTLA4 blockade may be more effective in earlier states, such as in hormone-sensitive prostate cancer; although an argument can be made that each stage during the course of prostate cancer may have its own antigenic profile. Regardless, anti-CTLA4 therapy has the advantage of not being dependent on any one specific tumour antigen.
The treatment of advanced prostate cancer is substantially evolving with the recent FDA approvals of sipuleucel-T, abiraterone acetate and cabazitaxel. Other treatments are also in Phase III trials, including PROSTVAC. The appropriate sequence of use of CTLA4 blockade with all of these agents will need to be addressed by clinical trials, but these issues underscore the need for biomarkers that can help to predict response to CTLA4 blockade and, therefore, allow improved patient (and drug) selection. Retrospective analysis from the combination trial of GVAX and ipilimumab suggests that CTLA4 expression on circulating CD4 + T cells before treatment may be associated with significantly prolonged survival after ipilimumab therapy 59 . Such an observation would need to be validated prospectively to establish this as a predictive biomarker of clinical response.
By accessing immune-specific responses, such as dissecting the antigens that are recognized by tumour-specific T cells and antibodies in patients treated with CTLA4 blockade, novel cancer pathways are being revealed that are not obvious when examining the genetic, epigenetic and expression profiles of prostate tumours compared with normal cells. These antigens become sufficiently immunogenic with CTLA4 blockade. Moreover, some of these antigens may also participate in tumorigenesis, especially if the immunespecific responses to these antigens correlate with objective responses. In addition, conventional therapies such as radiation or chemotherapy have also been shown to increase the tumour antigen pool, possibly owing to an increase in apoptosis as a result of these treatments. Antibody responses induced by conventional treatments have been detected using serological identification of antigens by recombinant cDNA expression cloning (SEREX) 87 . Androgen ablation has also been shown to be pro-immunogenic, and induction of antibodies has been observed 88 . Correlating the immune responses with objective responses in the current clinical trials that combine conventional therapies with CTLA4 blockade could potentially be useful in delineating responders from non-responders. In addition, as tumour response patterns are variable and clinical effects late in onset, identifying potential markers that could predict treatment efficacy could improve understanding of who would need early transition to other second-line agents.
Further studies are required to determine whether the antigens identified on CTLA4 blockade could be better and more relevant vaccine candidates, especially if targeting these antigens could uncouple anti-tumour responses from on-target side effects. If so, the challenges of developing customized vaccines for personalized medicine, including the time and cost required to identify relevant antigens and to synthesize working vaccines for each individual patient, would have to be addressed. Conversely, it could be that immunomodulatory therapy with CTLA4 blockade is essentially similar to a patient-specific therapy, as it unmasks the individual antigenic pool that can provide an efficacious response and may, therefore, represent a more accessible approach. There is increased recognition that genetic, epigenetic and transcript expression patterns in tumours are patient-specific; antigenic variability now adds an additional layer to the complexity of tumour biology that we need to understand better in order to prolong patient survival with current cancer therapies.
